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In 1997, governments adopted the Kyoto Protocol, under which they agreed to reduce their 
greenhouse gas emissions by the period 2008 to 2012. A large fraction of these emissions – 85 
percent across Annex I countries (Australia, Austria, Belarus, Belgium, Bulgaria, Canada, Croatia, 
Czech Republic, Denmark, Estonia, European Community, Finland, France, Germany, Greece, 
Hungary, Iceland, Ireland, Italy, Japan, Latvia, Liechtenstein, Lithuania, Luxembourg, Monaco, 
Netherlands, New Zealand, Norway, Poland, Portugal, Romania, Russian Federation, Slovakia, 
Slovenia, Spain, Sweden, Switzerland, Turkey, Ukraine, United Kingdom of Great Britain and 
Northern Ireland, United States of America) in 1995 – arises from the production and use of energy 
(Figure. 1). As a result, the commitments made in Kyoto will require significant reductions in 
energy-sector emissions in many countries. 
The magnitude of the challenge to IEA Member countries should not be underestimated. There is a 
large gap between the expected energy-related emissions in a “business-as-usual” scenario – in 
Figure 1. Energy-Related GHG Emissions of Annex I Countries: 1990-2020 (estimated) 
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which no additional actions are taken to reduce emissions – and those required to meet the Kyoto 
commitments. OECD-wide, business-as-usual CO2 emissions from energy production and use could 
be 30 percent above 1990 levels in 2010 (IEA 1998). The Kyoto commitment by Annex I countries 
pledges them to reduce greenhouse gas emissions to an aggregate total of 5.4 percent below 1990 
levels between 2008 and 2012. 
To meet this challenge, IEA Member countries are considering how to reduce energy-related 
greenhouse gas emissions. There are four ways: 
- Use less of energy services such as heating, lighting, mobility, motor drive and industrial drying. 
- Decrease the amount of energy required to produce a unit of energy service, through the 
development and use of more efficient energy supply and end-use technologies and systems. 
- Switch from fossil fuels to non-fossil fuels3 and from higher-carbon fossil fuels to lower-carbon 
fossil fuels. 
- Remove carbon from fuels and combustion exhaust gases and store it. 
Cutting back on the use of energy services is difficult and unpopular. The use of energy services is 
increasing with economic growth and is unlikely to turn around. Some changes in how energy 
services are provided may be possible, such as substituting mass transit for individual travel. But the 
bulk of reductions in energy-related greenhouse gas emissions will be achieved through the other 
three approaches. 
Technology- and sector-specific measures are intended to increase the use of efficient technology, 
stimulate the adoption of technologies based on new fuels, and motivate the use of technologies for 
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removal and storage of carbon from fuel or flue gases. Economy-wide measures stimulate the use of 
new technologies by influencing the extent to which the goals of energy efficiency, fuel switching, 
and carbon removal and storage are pursued.  
 The Kyoto Protocol has an immediate, near-term impact. It requires that emissions be reduced 
dramatically relative to current trends within roughly the next 10 years. Technology has an important 
role to play in meeting this challenge. But only today’s commercial and nearcommercial technology 
will contribute in this brief time frame. Recent progress has been made in developing and 
commercialising efficient and cleaner technologies that can be useful in the near term. They include 
large-scale wind turbines, community energy systems, naturalgas-fired or coal-fired combined-cycle 
power plants, hybrid gasolineelectric vehicles, advanced windows and lighting for buildings, and (in 
some regions) rooftop photovoltaic systems.  
Technology also has an important role to play over the long term. To lower atmospheric 
concentrations of greenhouse gases in the long term, further emissions reductions will be necessary 
beyond 2012. Expected growth in the world’s population, particularly in developing countries; 
increased economic activity worldwide; and improvements in living standards will all serve to 
accelerate growth in demand for energy services. Advances in technology will be needed that can 
further break the link between economic growth and greenhouse gas emissions.  
There appear to be no serious technical barriers to CO2 sequestration, although high costs for CO2 
capture and uncertainties about environmental impacts and the long-term integrity of storage 
schemes remain as issues to be resolved. Technologies for CO2 capture and sequestration are being 
 5
demonstrated today. For example, Statoil, the Norwegian oil and gas company, is using 
state-of-the-art technology to capture CO2 from the production of natural gas and sequester it in 
saline aquifers under the North Sea. The primary sequestration technologies for emissions reduction 
through 2020 are CO2 separation technologies and geologic storage of CO2. 
 Efficient separation of CO2 from fuel or flue gases is essential for any sequestration scheme. There 
are many techniques potentially usable for separation of CO2 – for example, membranes and 
chemical and physical solvents. Cryogenics is another technique that can be used on streams with 
high concentrations of CO2. Currently, various separation techniques are being tested in different 
parts of the world, and ongoing R&D efforts are aimed at developing more cost-efficient separation 
methods. 
Carbon dioxide capture is applicable to large flue gas streams in energy-intensive industries and in 
power generation. It is able to deliver deep reductions in emissions while enabling continued use of 
fossil fuels. It is primarily applicable to new plants, as replacing existing coal plants with 
renewable-based or more efficient fossil-based technology would be cheaper than retrofitting 
existing the plants with CO2 capture systems. In the case of coal plants, the obvious route to 
incorporating CO2 capture into plant design is through coal gasification, which can be adapted to 
produce a pure CO2 stream. The cost of separating CO2 is a major obstacle to the wide use of 
available methods for CO2 capture. CO2 is commercially captured mainly by solvent absorption, for 
example, with ethanolamines. However, this method bears the drawback of large cost of investment 
and energy. The PSA (pressure swing adsorption) technology is relatively simple in equipment and 
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expensed less energy in operation, it is better choices for CO2 sequestration. It is especially suitable 
for the capture of CO2 from biogas, landfill gas, savage gas, mine gas, and wellhead gas, where CO2 
and CH4 are major components. The separation between CO2 and CH4 is very important in these 
cases since it is the prerequisite processing for the sequestration or utilization of CO2 and/ or CH4. 
 Although the adsorption method attracted researchers’ attention for the capture of CO2, 
conventional adsorbents were not effective for the capture of CO2 from its mixtures. In order to 
sequestrate CO2, an excellent adsorbent is earnestly required to adsorption storage of CH4 and 
adsorption separation of the CH4-CO2 system. Nanoporous materials, in particular, nanoporous 
carbons including new nanocarbon families have been expected to construct environmentally 
friendly technologies. 
Thus, new nanostructured porous carbons for storage and separation of CH4 and/or CO2 are 
described in this dissertation. 
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2.1 Adsorption 
2.1.1 Importance of Adsorption 
 Adsorption occurs whenever a solid surface is exposed to a gas or liquid: it is defined as the 
enrichment of material or increase in the density of the fluid in the vicinity of an interface. Under 
certain conditions, there is an appreciable enhancement in the concentration of a particular 
component and the overall effect is then dependent on the extent of the interfacial area. For this 
reason, all industrial adsorbents have large specific surface areas (generally well in excess of 100 m2 
g-1) and are therefore highly porous or composed of very fine particles. 
 Adsorption is of great technological importance. Thus, some adsorbents are used on a large scale as 
desiccants, catalysts or catalyst supports; others are used for the separation of gases, the purification 
of liquids, pollution control or for respiratory protection. In addition, adsorption phenomena play a 
vital role in many solid state reactions and biological mechanisms. 
 Another reason for the widespread use of adsorption techniques is the importance now attached to 
the characterization of the surface properties and texture of fine powders such as pigments, fillers 
and cements. Similarly, adsorption measurements are undertaken in many academic and industrial 
laboratories on porous materials such as clays, ceramics and membranes. In particular, gas 
adsorption has become one of the most widely used procedures for determining the surface area and 
pore size distribution of a diverse range of powders and porous materials. 
 The older types if industrial adsorbents (e.g. activated carbons and silica gels) are generally 
non-crystalline and their surface and pore structures therefor tend to be ill-defined and difficult to 
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characterize. There is, however, a growing number of adsorbents having intracrystalline pore 
structures (e.g. zeolites and aluminophosphates). Great interest is being shown in the design of other 
new materials having pores of well-defined size and shapes. 
 
2.1.2 Physical adsorption and Chemisorption 
 Adsorption is brought about by the interactions between the solid and the molecules in the fluid 
phase. Two kinds of forces are involved, which give rise to either physical adsorption 
(physisorption) or chemisorption. Physisorption forces are the same as those responsible for the 
condensation of vapors and the deviations from ideal gas behaviour, whereas chemisorption 
interactions are essentially those responsible for the formation of chemical compounds. 
 The most important distinguishing features may be summarized as follows: 
(a) Physisorption is a genetal phenomenon with a relatively low degree of specificity, whereas 
chemisorption is dependent on the reactivity of the adsorbent and adsorptive. 
(b) Chemisorbed molecules are linked to reactive parts of the surface and the adsorption is 
necessarily confined to a monolayer. At high relative pressures, physisorption generally occurs as a 
multilayer. 
(c) A physisorbed molecule keeps its identity and on desorption returns to the fluid phase in its 
original form. If a chemisorbed molecule undergoes reaction or dissociation, it loses its identity and 
cannot be recovered by desorption. 
(d) The energy of chemisorption is the same order of magnitude as the energy change in a 
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comparable chemical reaction. Physisorption is always exothermic, but the energy involved is 
generally not much larger than the energy of condensation of the adsorptive. However, it is 
appreciably enhanced when physisorption takes place in very narrow pores. 
(e) An activation energy is often involved in chemisorption and at low temperature the system may 
not have sufficient thermal energy to attain equilibrium fairly rapidly, but equilibration may be slow 
if the transport process is rate-determining. 
 
2.1.3 Adsorption Interactions 
As a molecule approaches the solid surface, a balance is established between the intermolecular 
attractive and repulsive forces. if other molecules are already adsorbed, both adsobent-adsorbate and 
adsorbate-adsorbate interactions come into play. It is at once evident that assessment of the 
adsorption energy is likely to become exceedingly complicated in the case of a multicomponent 
system -especially if the adsorption is taking place from solution at a liquid-solid interface. For this 
reason, in the numerous attempts made to calculate energies of adsorption, most attention has been 
given to the adsorption of a single component at the gas-solid interface. 
 The forces responsible foe physisorption always include the dispersion attractive interactions 
(which derive their name from the close connection between their origin and the cause of optical 
dispersion) and the short-range repulsion. These interactions do not depend on the polar nature of the 
adsorbent or adsorptive and are therefore regarded as non-specific. 
 The dispersion attractive interactions were first characterized by London and arise from the rapid 
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fluctuations in electron density in one atom, which induce an electrical moment in a neighboring 
atom. by making use if quantum-mechanical perturbation theory, London arrived at the well-known 
expression for the potential energy, εD(r), of two isolated atoms separated by a distance r: 
 εD(r) = -C/r6 
where C is a constant which can be expressed in terms of the polarizabilities of the adsorptive and 
the adsorbent. 
 The short-range repulsion is the result of the interpenetration of the electron clouds. This repulsive 
interaction is often expressed in the form: 
 εR(r) = B/rm 
where B and m are empirical constants, the latter usually being given the value 12. The total 
potential energy, representing the interaction between the two isolated atoms, therefore becomes: 
 ε(r) = B/r12 –C/r6 
which is often designated as the 12-6 Lennard-Jones potential. Although this equation is still used in 
many theoretical and computer simulation studies – and indeed appears to be remarkably successful 
for some purposes – it has been refined by the inclusion of additional terms to allow inter alia for 
induced dipole-quadrupole and quadrupole-quadrupole interactions. 
 For the computation of the adsorbent-adsorbate energies, it has been customary to adopt the 
principle of additivity of the pairwise interactions. Thus, each atom or ion in the surface by the 
adsorbate molecule is given by the summation 
 ( ) ( )∑=
j
ijiji rz εφ  
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Now, φi(z) is the potential energy for the molecule i, expressed as a function of its distance z from 
the plane of the centers of atoms (or ions) in the surface layer; rij is the distance between the 
molecule i and each atom (ion) in the solid. In 
practice, only a limited number of atoms are 
taken into account because of the rapid decrease 
in energy with distance. The balance between 
attractive and repulsive interactions means that a 
point exists, at distance ze from the surface, 
where the potential energy of the molecule is 
minimum, as represented in Figure 2.1. 
 Of course, the value of φi(z) must depend not only on the distance from the surface but also on the 
location on the surface (i.e. in the xy plane). If this is in the form of one face of a perfect crystal, 
there will be a regular variation of potential energy across the surface. It is not surprising to find that 
the most favorable site is at the 
center if an array of surface atoms 
(cf. Figure 2.2). The 
corresponding depth of the 
potential energy well (at ze) will 
depend on the density and crystal 
structure of the adsorbent and the 
Figure 2.1. Potential energy φi of a molecule i 
versus its distance z from the adsorbing surface. 
Figure 2.2. (a) Isopotential curves for the adsorption 
of one He atom on the (100) face of solid Xe. 
Intervals between curves are 1.24×10-22 J. (b) 
Potential energy of an adsorbed He atom moving 
along line AB. 
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polarizability and molecular size of the adsorbate.  
The easiest path for the movement of the adsorbed of the adsorbed molecule across the surface is 
via a col or ‘saddle point’ and the energy barrier to translational movement in the xy plane is giving 
by the difference in the corresponding minima potential energies for the two locations (Figure 2.2). 
 
2.1.4 Interpretation and classification of adsorption isotherms 
 A useful indication of the mechanisms of surface coverage and/or pore filling can be obtained by 
visual inspection of an isotherm. However, it must be kept in mind that the overall shape of an 
isotherm if governed by the nature of the gas-solid system, the pore structure of the adsorbent and 
the operational temperature. 
 Linearity of the isotherm (i.e. Henry’s law behavior) is generally observed only at very low surface 
coverage and therefore cannot be easily detected at the temperatures and with the techniques 
normally used for studying the complete range of P/P0 (e.g. 77 K for nitrogen adsorption). The 
deviation from linearity may be either towards or away from the pressure axis, depending on the 
scale of surface heterogeneity and the magnitude of the adsorbate-adsorbate interactions. A virial 
form of equation is generally applicable to this low coverage region. 
 Experimental adsorption isotherms recorded in the literature, measured on a wide variety of 
gas-solid systems, have a wide variety forms. Nevertheless, the majority of these isotherms which 
result from physical adsorption may conveniently be grouped into six classes in the IUPAC 
classification (cf. Figure 2.3). The first five types (I to V) of the classification were originally 
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proposed by S. Brunauer, L. S. Deming, W. S. Deming and E. Teller as the BDDT classification, 
sometimes referred to as the Brounauer classification. 
 
 The IUPAC 1985 classification of physisorption isotherms, shown in Figure 2.3, included the Type 
VI which has been more recently observed [1]. 
 In its most characteristic form, the Type I isotherm is concave to the relative pressure (P/P0) axis. 
It rises sharply at low relative pressures and reaches a plateau: the amount adsorbed by the unit mass 
of solid approaches a limiting value as P/P0→1. 
 Enhanced adsorbent-adsorbate interactions occur in micropores of molecular dimensions. A 
decrease in the micropore width results in both an increase in the adsorption energy and a decrease in 
the relative pressure at which the micropore filling occurs. The narrow range of relative pressure 
Figure 2.3. The six main types of gas physisorption isotherms, according to the 
IUPAC classification. 
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necessary to attain the plateau is an indication of a limited range of pore size and the appearance of a 
nearly horizontal plateau indicates a very small external surface area. The limiting adsorption is 
dependent on the available micropore volume. 
 The Type II isotherm is concave to the P/P0 axis, then almost linear and finally convex to the P/P0 
axis. It indicates the formation of an adsorbed layer whose thickness increases progressively with 
increasing relative pressure until P/P0→1. When the equilibrium pressure equals the saturation vapor 
pressure, the adsorbed layer becomes a bulk liquid or solid. If the knee of the isotherm is sharp, the 
uptake at Point B – the beginning of the middle quasilinear section – is usually considered to 
represent the completion of the monomolecular layer (monolayer) and the beginning of the 
formation of the multimolecular layer (multilayer). The ordinate of Point B gives an estimation of 
the amount of adsorbate required to cover the unit mass of solid surface with a complete 
monomolecular layer (monolayer capacity). Type II isotherms are obtained with non-porous or 
macroporous adsorbents, which allow unrestricted monolayer-multilayer adsorption to occur at high 
P/P0. If the adsorbent temperature is at, or below, the normal boiling point of the adsorptive, it is not 
difficult to establish the course of the adsorption-desorption isotherm over the entire range of P/P0. 
Complete reversibility of the desorption-adsorption isotherm (i.e. the absence of adsorption 
hysteresis) is the first condition to be satisfied for 'normal' monolayer-multilayer adsorption on an 
open and stable surface. 
 A Type III isotherm is convex to the P/P0 axis over the complete range and therefore has no Point B. 
This feature is indicative of weak adsorbent-adsorbate interactions. True Type III isotherms are not 
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common. 
 The Type IV isotherm, whose initial region is closely related to the Type II isotherm, tends to level 
off at high relative pressures. it exhibits a hysteresis loop, the lower branch of which represents 
measurements obtained by progressive addition of gas of the adsorbent, and the upper branch by 
progressive withdrawal. The hysteresis loop is usually associated with the filling and emptying of 
the mesopores by capillary condensation. Type IV isotherms are common but the exact shape of the 
hysteresis loop varies from one system to another. 
 The Type V isotherm is initially convex to the P/P0 axis and also levels off at high relative pressures. 
As in the case of the Type III isotherm, this is indicative of weak adsorbent-adsorbate interactions. A 
Type V isotherm exhibits a hysteresis loop which is associated with the mechanism of pore filling 
and emptying. Such isotherms are relatively rare. 
 The Type VI isotherm, or stepped isotherm, is also relatively rare and is associated with 
layer-by-layer adsorption on a highly uniform surface. The sharpness of the step is dependent on the 
system and the temperature. 
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2.2 Porous material 
2.2.1 Nanopore systems 
 The  most representative microporous solids are zeolites and activated carbons. Both have 
different pore structures and adsorptive properties each other. Recently new porous solids have been 
developed to accelerate the progress in nanopore fluid chemistry. 
 There are two types of pores of intraparticle pores and interparticle pores [2]. The intraparticle pore 
is in the primary particle itself, while the interparticle pore originates from the interparticle void 
space, although there is an ambiguous distinction between both types of pores in some systems. 
Zeolites have well-defined intraparticle pores which arise from the intrinsic crystalline structure [3]. 
The pore geometry and pore connectability are evaluated by their crystal structure. 
Aluminophosphates [4] having the straight pore of triangular column wee synthesized. On the other 
hand, a new family of mesoporous zeolites [5-8] such as MCM (Mobil Composition of Matter) or 
modified kanemite FSM (Folded Sheets Mesoporous Material), which have straight cylindrical 
mesopores, were developed recently. Furthermore, the mosopore size can be cntrolled by the 
sufactant molecular size. These mesoporous silica has a regular honeycomb structure, although the 
pore walls are noncrystalline. The mesoporous silica provided a new problem that the adsorption 
hysteresis depends sensitivity on the mesopore size [9-10]. The classical capillary condensation 
theory cannot explain the dependence of the adsorption hysteresis, but Inoue et al. [11] gave a new 
approach to this problem with the extended Saam-Cole theory [12]. 
 The carbon nanotube [13] has also the intraparticle pore stemming from the intrinsic crystalline 
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structure; the tube-wall is composed of graphitic structures. However, the so-called carbon nanotube 
has a both end-closed cylindrical pore. On the other hand, the catalytic method can produce the one 
end-open pore in which gas adsorption is available [14]. The CVD technique using the templete 
porous solids produces mesocarbon tubes [15]. Activated carbons are the most popular adsorbent 
[16-18]. Activated carbons are mainly composed of micrographitic units. The edge carbon atoms of 
the micrographite are more reactive than carbon atoms on the basal plane, developing pore along the 
basal plane of the micrographite. Activated carbon fibers (ACFs) [19] have a wide pore size 
distribution from micropores to macropores. In particular, pitch-based ACFs have less amout of 
surface functional groups and the pore width can be well controlled. Superhigh surface-area carbons 
[20-21] obtained by KOH activation have considerably uniform micropores whose pore width is 
greater than that of ACFs. The activated carbon film from Kapton film has the oriented structure of 
slit miropores [22]. The carbon aerogel has uniform mesopores and micropores can be donated to the 
carbon aerogel. Also graphite intercalated compounds can offer micropores [23]. In addition to the 
above porous systems, pillared clay minerals and pore-size controlled glasses can be available solids. 
An organic metal complex is a new hopeful nanopore system if which width can be variable [24]. 
 
2.2.2 Production of activated carbon 
2.2.2.1 Physical activation 
 The term physical activation is used to describe the reaction of porous carbons with oxidizing gases. 
In industrial processes for manufacture of activated carbons the reactant gas is often a partly 
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combusted fuel gas with added steam and the reactions take place at temperature in the range 
1123-1273 K. The conversion of the precursors material to activated carbon usually takes place 
continuously, e.g., in rotary kilns or multiple-hearth furnaces [25], so that the process of 
carbonization and activation are combined. In laboratory studies a two-step process is often used in 
which carbonization is first carried out by heating the precursor in an inert gas, e.g., nitrogen, 
followed by the activation process. In laboratories, activation by reaction of carbons with carbon 
dioxide, as well as with steam, has also been studied. Activation by reaction with oxygen-based 
gases, including air, has also been carried out, but to a lesser extent than with carbon dioxide or 
steam. The approximate relative reactivities at 1073 K and 0.1 bar of the C-CO2 and C-H2O 
reactions are 1:3, and for the C-CO2 and C-O2 1:105 [26]. Thus oxygen is a very much more reactive 
activating agent than the other two gases and the exothermic nature of the C-O2 reaction makes it 
difficult to control. 
 
2.2.2.2 Chemical activation 
 In "chemical activation" the precursor is mixed with a reagent that participates in and so modifies 
the chemical reactions that occur during subsequent heat treatment. The most commonly used 
reagent in chemical activation is phosphoric acid, H3PO4. Historically, the Lewis acid, ZnCl2, has 
been used in chemical activation, but, due to environmental concerns, it has been increasingly 
displaced by phosphoric acid as the activating agent, although small amounts are produced using 
olive stones [27]. Small quantities of activated carbons or cloths are produced from rayon precursors 
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that have been treated with mixtures of other Lewis acids, such as AlCl3, and FeCl3 [28]. Activation 
of a wide range of precursors with potassium hydroxide, KOH, has been studied in laboratories, but 
only small quantities of the activated carbon have been produced commercially. 
 
2.2.2.3 Comparative studies of chemical and physical activation 
 The scope for comparative studies of the development of porosity in activated carbons by different 
methods is enormous but such comparisons need to be made with care. In a comparative study of 
activation of almond shells with ZnCl2 and CO2 [29], it was concluded that activated carbons can be 
produced by both methods with similar ranges of microporosity, but that the yield of carbon was 
greater with chemical activation. Similar conclusions were reached in a study of the activation of 
several lignocellulosic precursors with ZnCl2, H2O, uncatalyzed CO2 and Fe-catalyzed CO2 [30]. In 
every case, substantial microporosity was developed, but the extent of mesopore and macropore 
development varied with the activation conditions. Carbons with surface areas and micropore 
volumes in excess of 2000 m2 g-1 and 1.0 cm3 g-1, respectively, were produced from phenol 
formealdehyde resins after chemical activation with KOH and physical activation with CO2 [31]. For 
carbons with similar pore volumes, the carbon yield from KOH activation was higher than from CO2 
activation, in agreement with earlier comparative studies of chemical and physical activation. 
 Chemical activation of a bituminous coal was compared to physical activation with steam in order 
to assess natural gas-storage capacities [32]. It was concluded that KOH-activated carbons had a 
higher gravimetric methane capacity, but a lower volumetric capacity due to their lower bulk 
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densities. In a series of papers [33-35], it was shown that chemical activation of a bituminous coal 
and macadamia nutshells with KOH produced highly micoporous carbons, as opposed to activation 
with ZnCl2, which produced more mesopores. In a similar type of study [36], activation of a 
bituminous coal woth ZnCl2, H3PO4 and KOH yield maximum BET areas of 960, 770, and 3300 m2 
g-1, respectively. It was concluded that ZnCl2 and H3PO4, and some alkali metal compounds [37] 
reached conclusions in line with previous work, as far as the first two activating agents are 
concerned. Activation of lignin with K2CO3 yielded a carbon with BET area of ~2000 m2 g-1, but 
Na2CO3 was relatively ineffective as an activating agent. A study of effect of impregnation ratios on 
the development of porosity by chemical activation of oil-palm stones [38] found that carbons with 
the highest BET area were produced by ZnCl2 activation with an impregnation ratio of 1:4. The 
impregnation ratio used for KOH activation was 1:9, which is probably too low for optimum pore 
development. 
 
2.2.3 Application 
 Activated carbon is the most versatile adsorbent because of its large surface area, polymodal (but 
essentially microporous) porous structure, high adsorption capacity, and variable surface chemical 
composition. As a consequence, there are numerous applications in many different fields, a summary 
of which will be presented here. In order to facilitate the presentation, the applications will be 
separated as a function of the end use in gas or liquid phase. 
 Activated carbons are consumed in gas-phase applications either in the form of hard granules, or 
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hard, relatively dust-free pellets. They usually have a well-developed microporosity to provide a 
high adsorptive capacity and selectivity for gases and organic vapors, with surface areas of 
1000-2000 m2 g-1 and have larger particle sizes of greater strength and density than activated carbons 
used in liquid-phase application. Important additional properties of activated carbons for gas-phase 
uses are a high adsorptive capacity per unit volume, a high retention capacity, a high preferential 
adsorption of gases in the presence of moisture, a low resistance to gas flow, and a complete release 
of adsorbate at increasing temperatures and decreasing pressures (regeneration). 
 Consumption of activated carbon for gas-phase application is smaller than in liquid-phase (24,000 
versus 88,000 ton, USA consumption in 1991) because there are fewer large-volume applications 
and, in addition, the spent activated carbon can be regenerated [39]. Although many raw materials 
can be used to prepare activated carbons for gas-phase applications, the most common are hard raw 
materials like nutshells or fruit pits (crushed to size, carbonized and activated) or coal; when the 
material is softer, it is either chemically activated in pellets or ground to a powder, formed into 
pellets with a tar or pitch binder, carbonized and activated. The most relevant gas-phase applications 
are mentioned below. 
 
2.2.3.1 Solvent recovery 
 This is probably the major application of activated carbon in the gas phase, since it involves the 
recovery of valuable substances and, at the same time, it helps in the control of air pollution. The 
performance of activated carbon in the removal of organic vapors from gases is very good, because 
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they can be adsorbed strongly in the micropores. This means that most granular activated carbons 
used for this application are essentially microporous, although some more mesoporous carbons are 
actually used for the recovery of heavier solvents, which are either adsorbed with difficulty in 
micropores or whose desorption is too slow from micropores. The more important solvents removed 
by activated carbon include ether, acetone, alcohols, benzene, toluene, hexane, cyclohexanone, 
petroleum spirit, trichloroethene, carbon disulfide, etc., from industries such as plastic films 
production, printing, rubber, viscose rayon production, synthetic fibers, adhesives, etc. Solvent 
recovery is usually carried out in vertical adsorbers, frequently arranged in parallel to allow for a 
continuous operation. The gas flow is mainly upwards, whereas desorption (with superheated steam, 
or hot inert gas) is in the opposite direction. The recovered stem, mixed with the solvent, is cooled 
and condensed, from which the solvent is later separated. 
 
2.2.3.2 Automotive/gasoline recovery 
 The second most important application of activated carbon in the gas phase is automotive/gasoline 
recovery. The recovery of gasoline vapors that escape from the vents in automotive fuel system has 
forced the introduction in many countries of regulations to include evaporative emission control 
systems. The gasoline vapors are adsorbed in a canister containing granular or palletized activated 
carbon and it is burned in normal operation. Since desorption takes place under very mild conditions 
the microporosity of activated carbon has to be wide (even in the lower range of mesoporosity). 
Larger activated carbon systems are used to retain the gasoline vapor during refueling of the vehicle 
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or even larger for the filling of takes at gasoline terminals; desorption from these units is by vacuum 
and the vapor is recovered in an adsorber with liquid gasoline. 
 
2.2.3.3 Off-gas purification 
 This is also a very important application of activated carbon and include production of pure gases 
in the chemical industry, removal of toxic components from exhaust gases [40-41], purification of 
waste air [42], air conditioning., etc. In some cases, if the molecule to be retained has a relatively 
high boiling point and molecular weight, it can be adsorbed into the micropores of the activated 
carbons. However, many inorganic vapors and compounds with low molecular weight and boiling 
point cannot be adsorbed strongly on activated carbon. In this case the activated carbon is 
impregnated with specific reactants or decomposition catalysts to eliminate the toxic compounds 
[43]. 
 
2.2.3.4 Catalysis 
 Another important application of activated carbon is catalysis, the carbon acting as a catalyst or a 
catalyst support, the latter being more common, in both inorganic and organic synthesis [44-45]. 
Among the more typical catalytic reactions in which activated carbons are used within fine-chemical 
production are: hydrogenation and hydroprocessing of petroleum [46], methanol carbonylation [47] 
carbonylation of aniline [48], hydrochlorination of acetylene [49], aromatization of isophorone [50], 
ethene homologation [51], methanol dehydration [52], etc. 
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 Among the use of carbon-support catalysts in hydrogenation reactions, the following reactions are 
to be mentioned: hydrogenation of carbon dioxide [53-54], hydrogenation of alkenes and alkynes 
[55-56], hydrogenation of aldehydes and ketones [57-58], etc. 
 The use of carbon as a support for petroleum-refining catalysts is also well documented: 
hydrodesulfurization and hydrodenitrogenation [59-60]. The results in the literature show that these 
carbon-supported catalysts have advantages (lower coking propensity, weaker metal-support 
interaction, higher activity per gram of catalyst, etc.) over conventional alumina-support catalysts, 
but there is no commercial use of these catalysts. 
 
2.2.3.5 Gas storage 
 The strong adsorption potential inside the micropores acting on adsorbed molecules significantly 
increases the density of the adsorbate. This has been the main reason for the interest in using 
activated carbon as a medium to reduce the pressure required to store weakly adsorbed compressed 
gases such as methane and hydrogen. The search for activated carbons able to store large amounts of 
natural gas at a reasonable pressure (3.4MPa), as substitute for compressed natural gas at 21 MPa, 
has been very intensive in the last few years. Enhancement of gas storage capacity through 
adsorption occurs when the overall storage density is increased above that of the normal gas density 
at a given pressure; the adsorbed phase has a greater density than the gas phase in equilibrium with it 
[61]. The more adequate adsorbent is activated carbon because the slit-shaped microporosity allows 
greater packing of adsorbed molecules than cylindrical pores [62]. Although theoretical calculation 
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indicate that the maximum uptake of methane qt 3.4 MPa and 298 K would be 237 v/v (volume of 
gas per volume of carbon), the difficulty in reaching such high values led the US Department of 
Energy to set a target figure of 150 v/v deliverable (a value that is always lower than the storage 
capacity, because the methane gas to be desorbed for use from the carbon). Values around and above 
this figure have been reported by a series of laboratories, using consolidated activated carbons that 
have been obtained by chemical activation with zinc chloride, phosphoric acid or potassium 
hydroxide, in some cases followed by additional thermal activation with carbon dioxide. 
 
2.3 Supercritical gases 
 There are many important supercritical gases whose critical temperature is lower than an ambient 
temperature. O2, N2, CO2, and CH4 are representatives of a supercritical gas near room temperature. 
O2, CO2 and CH4 play an indispensable role in energy technology. The control of CO2 and CH4 is 
necessary to preserver our earth 
environment. Thus, these gases are 
essentially important to human and earth.  
 The state of matter is described in terms of 
the pressure P, the molar volume V and the 
temperature T. Then three phases of gas, 
liquid and solid are expressed by the P-V 
projection, as shown in Figure 2.4. The P-V projection indicates the presence of the coexistent 
Figure 2.4. Phase diagram 
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region of gas and liquid in equilibrium, which is designated by (Liquid and vapor). The dashed line 
parallel to the abscissa of the P-V projection at a temperature Tl denoted the coexistent region. The 
coexistent region becomes narrower, as the temperature is raised. Finally the coexistent region is 
reduced to a mere point whose temperature is called critical temperature Tc. The critical temperature 
Tc is the maximum temperature at which a gas can be liquefied and above Tc liquid cannot coexist. 
Above Tc there is no vaporization curve and no distinction between liquid and gas. Therefore, I must 
distinguish the gaseous state above and below Tc and the vapor can be condensed to liquid by 
pressure alone. However, the gas above Tc, which is called a supercritical gas, cannot be liquefied 
even at quite high pressures. Vapor has own saturated vapor pressure P0. Then I can use the relative 
pressure P/P0 for description of adsorption of vapor. On the other hand, the supercritical gas has no 
saturated vapor pressure The relative pressure expression cannot be used for description of 
adsorption of a supercritical gas. 
 
2.3.1 Natural gas 
  Around the world, gas use is increasing 
for a variety of reasons, including price, 
environmental concerns, fuel 
diversification and/or energy security 
issue market deregulation, and overall 
economic growth. Many countries hold equity in natural gas companies, and this can be used as a 
Figure 2.5. Production and consumption trends of  
         natural gas in the world. 
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policy instrument. In this context, natural gas is expected to be the fastest growing component of 
world energy consumption in the International Energy Outlook 2001 Reference case. The use of 
natural gas is projected to nearly double between 1999 and 2020, providing a relatively clean fuel for 
efficient new gas turbine power plants. Natural gas accounts for the largest projected increment in 
energy use for power generation. As a result, a growing interconnection between the gas and power 
industries is expected. Figure 2.5 shows production and consumption trends of natural gas in the 
world. 
 The utilization of relatively cleaner gaseous fuels like compressed natural gas or liquefied natural 
gas is considered for vehicles [63-65]. For gaseous fuels, the total energy stored per unit volume is 
less than the liquid fuels, but urban vehicles travel on relatively short routes daily and refueling is 
possible if necessary. Natural gas is a gaseous mixture of light hydrocarbons that are found 
underground in sedimentary rock formations, often in the same location as crude oil. Worldwide 
supplies of natural gas are seasonably widespread and should last for 60 years at current rates of 
production. Natural gas is a mixture of light hydrocarbons including methane, ethane, propane, 
butanes and pentanes. Other compounds found in natural gas include carbon dioxide, helium, 
hydrogen sulfide and nitrogen. The carbon and hydrogen in natural gas are thought to have 
originated from the remains of microscopic marine organisms that were deposited at the bottom of 
seas and oceans. After having been buried under huge layers of other sediments, the organic material 
is transformed at high temperature and pressure into crude oil and natural gas. The oil and gas are 
then squeezed out of the marine shales in which they were deposited, and from there go into porous 
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sedimentary rock such as sandstones and lime stones. Natural gas is captured by drilling a hole into 
the reservoir rock. Most often, the natural gas is under pressure and will come out of the hole on its 
own. In some cases, pumps and other more complicated procedures are required to remove the 
natural gas from the ground. Natural gas is found around the world, but the largest reserves are in the 
former Soviet Union and the Middle East.  
 Natural gas is the fastest growing primary energy source is the IEO99 forecast. Because it is a 
cleaner fuel than oil or coal, and not as controversial as nuclear power, gas is expected to be the fuel 
of choice for many countries in the future.  
 
2.3.2 Use of natural gas 
 Natural gas is one of the most widely used forms of energy today; it is commonly used to heat and 
cool homes and businesses. Natural gas is a very versatile fuel that can be used for space and water 
heating, processing heat for industry, electricity generation, cooking, mechanical power and 
transportation. Heating and electricity generation have traditionally been the predominant used of 
natural gas, representing about 75% and 15% of natural gas use, respectively. In the future, 
increasing concerns about urban air pollution may lead to its increased use in industry, electricity 
generation, cooking, mechanical power, heating and electricity generation, and as a transportation 
fuel. 
 Furnaces that burn natural gas to provide space heating and hot water for homes and businesses are 
the largest users of natural gas. Ultra high efficiency gas furnaces can convert over 90% of the 
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potential energy in natural gas into useful heat. 
 The generation of electricity is the other main use of natural gas. Producing electricity from natural 
gas is generally more expensive than using because of increased fuel costs. Natural gas power plants 
generate more than a couple of hundred megawatts using the same technology as coal fired power 
plants. Natural gas is burned to produce heat that boils water, creating steam that passes through a 
turbine to generate electricity. 
 Natural gas vehicles (NGVs) offer many benefits, from improving public health and the 
environment to aiding the transition to fuel cell vehicle. Road on to learn how NGVs are leading the 
way to a better tomorrow-today. Compared with vehicles fueled by conventional diesel and gasoline, 
NGVs can produce significantly lower amounts of harmful emissions such as nitrogen oxides, 
particulate matter, and toxic and carcinogenic pollutants. NGVs can also reduce emissions of carbon 
dioxide, the primary greenhouse gas. Fuel cell vehicles powered by hydrogen are the future of 
transportation. NGV and infrastructure development can facilitate the transition to this technology. 
The vast world network of natural gas to future refueling stations that reform hydrogen from the gas. 
 
2.3.3 Environmental Impacts of natural gas 
Environmental concerns such as global warming have resulted in calls for increased use of natural 
gas. This is because natural gas gives off only one half as much carbon dioxide per unit of energy 
produced as does coal, and 25% less than oil (Figure 2.6). Natural gas is made up predominantly of 
methane, which itself is a greenhouse gas if it is released into the atmosphere. 
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 Natural gas is the cleanest 
burning fossil fuel. When natural 
gas is burned, it gives off less 
CO2 than oil or coal, virtually no 
sulfur dioxide, and only small 
amounts of nitrous oxides. 
Natural gas is mostly composed 
of methane and other light hydrocarbons. Both the carbon and hydrogen in methane combine with 
oxygen when natural gas is burned, giving off heat. Coal and oil contain proportionally more carbon 
than natural gas. As mentioned earlier, reduced CO2 emissions may not be the end of the story when 
it comes to natural gas and global warming. Methane is itself a greenhouse gas, which molecule for 
molecule can trap more heat than CO2. This way, it counterbalances the CO2 benefits of burning 
natural gas instead of oil and coal [67-68].  
 
2.3.4 Future Appearance of natural gas 
Concerns about global warming will no doubt result in increasing use of natural gas in the future. 
Two uses are fuel cells and transportation. Fuel cells are used to generate electricity, and operate 
something like a battery. The difference is that the energy for fuel cells comes from hydrogen, which 
can be made from natural gas. Fuel cells eliminate the need for turbines and generators, and can 
operate at efficiencies as high as 60%. Fuel cells also operate at low temperatures, thus reducing 
Figure 2.6. Comparison of CO2, NOx and SOx emissions [66] 
Note: Emissions when burned, with emissions from coal 
representing 100. 
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emissions of acid rain causing nitrous oxides, which are formed during high temperature combustion 
of any fuel. 
 
2.3.5 Bio gas 
 Biogas typically refers to a (biofuel) gas produced by the anaerobic digestion or fermentation of 
organic matter including manure, sewage sludge, municipal solid waste, biodegradable waste or any 
other biodegradable feedstock, under anaerobic conditions. Biogas is comprised primarily of 
methane and carbon dioxide. If biogas is cleaned up sufficiently, biogas has the same characteristics 
as natural gas. In this instance the producer of the biogas can utilize the local gas distribution. 
Carbon dioxide is less frequently removed, but it must also be separated to achieve pipeline quality 
gas. If the gas is to be used without extensively cleaning, it is sometimes cofired with natural gas to 
improve combustion. Biogas cleaned up to pipeline quality is called renewable natural gas or 
biomethane. 
 
2.4 Attempt of new nanostructured materials 
Natural gas is mainly composed of methane, carbon dioxide, nitrogen, and heavier hydrocarbons. 
Because the existence of carbon dioxide reduces the conversion rate and energy content of natural 
gas, there is an increasing need for carbon dioxide separation from natural gas in many industrial 
fields. To develop an adsorption separation technology, researches on nanostructure of adsorbents 
are necessary. It is well known that an excellent adsorbent is key to adsorption storage of CH4 and 
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adsorption separation of the CH4-CO2 system.  
 In chapter 3, preparation of cellular structured activated carbons activated with the aid of alkali 
carbonates was described. The effect of alkali carbonates was studied to design of porous materials 
for adsorption of methane. Therefore, nanostructure of the samples and the capacity of methane 
adsorption were also studied. 
 Chapter 4 describes a new preparation of high density activated carbon. In order to achieve the high 
density storage of methane, high packing density of activated carbon is needed. The compressed 
cellulose microcrystal pellets were used to prepare high density activated carbon pellets. Their 
nanostructure and methane adsorption capacity were investigated. 
 The potential of novel nanocarbon materials for CO2 separation from the CH4-CO2 mixture was 
described in Chapter 5. Single wall carbon nanohorn (SWCNH) particles' assemblies are mutually 
packed each other to increase the nanoporosity, showing an excellent adsorptivity for CH4. The 
oxidation treatment of SWCNHs donates nanoscale windows which give rise to molecular sieving 
effect. The single component isotherms for CH4 and CO2 were compared with that for the CH4-CO2 
mixture. The potential of oxidized and non-oxidized single wall carbon nanohorns (SWCNHs) for 
CO2 separation from the CH4-CO2 mixture was investigated. 
 Thus, new nanostructured porous carbons for adsorption and separation are described in this 
dissertation. 
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Chapter 3. Development of porosity in carbonsfrom yeast grains by activation with alkali metal carbonates 
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Development of porosity in carbons 
from yeast grains by activation with alkali 
metal carbonates 
 
 
Abstract: Cellular structured activated carbon samples were prepared with the aid of alkali 
carbonates X2CO3 (X = Li, Na, K, Rb, or Cs) from dry bread yeast with a milling procedure. The 
resultant carbon possesses a very large adsorption amount even for supercritical methane. The 
activation with Cs2CO3 gave the greatest surface area of 2420 m2 g-1 from the subtracting pore effect 
method. 
The activation efficiency of X2CO3 (X = Li, Na, K, Rb, and Cs) was associated with the order of 
Gibbs free energy of X2O (X = Li, Na, K, Rb, and Cs) which should play an important role in the 
gasification. The carbon activated with Rb2CO3 gave the greatest adsorption amount of supercritical 
methane of 90 mg g-1 at 0.9 MPa at 303 K. 
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3.1. Introduction 
 Recently, nanocarbon has gathered a great attention due to its fundamental interests and new 
application potentials [1–3]. At the same time, there is an intensive requirement for the development 
of new activated carbon with a specific function. Modern technology has improved energy 
efficiencies in order to create so-called environment-friendly technologies. As activated carbon has a 
very large surface area and micropore volume, its field of application can be significantly extended; 
in particular, future technologies would require new types of activated carbon having controlled pore 
structures. 
 Therefore, super-high surface area carbon has been developed by using KOH activation or 
successive CO2 activation, resulting in highly microporous carbon with a surface area of over 2630 
m2 g–1 [4–5]. The addition of mesoporosity to highly microporous carbon has been previously 
attempted. For example, Song et al [6]. has shown that the addition of mesopores enhances the liquid 
phase adsorption rate of dye molecules on activated carbon fiber by a factor of ten. In this case, the 
dye molecules are mainly adsorbed in the micropores, and the mesopores assist in the diffusion of 
the molecules to the micropores. 
 Thus, the molecular adsorption process in the micropores of activated carbon is associated with a 
diffusion process. In technological applications, the kinetic factor governed by the diffusion process 
is essentially important even in gas-phase applications. For example, air separation technology uses 
honeycomb-structured silica mesoporous supports for rapid adsorption and desorption. Accordingly, 
the production of activated carbon with ordered mesopore or macropore structures can contribute to 
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extend the application of activated carbon [7–9]. 
 It is well-known that the potassium salts are quite efficient for production of super-high surface 
area carbon without sufficient elucidation of the activation mechanism. Addoun et al [10] studied the 
activation effect of coal using a series of alkali carbonates from Li to Cs; they showed the 
importance of Cs and Rb in addition to K in activation and activation conditions inherent to 
precursor materials.  We tried to find out an optimum activation process for super-high surface area 
carbon with ordered macropores stemming from the cellular structures.  Then, we activated bread 
yeast using a series of alkali carbonates X2CO3 (X = Li, Na, K, Rb, and Cs). 
 
3.2. Experimental 
3.2.1 Preparation of activated carbon 
 Dry bread yeast grains (Oriental Yeast Co., Ltd., JP) were used as the raw material. The yeast 
grains were mixed with a solid alkali carbonate, X2CO3 (X = Li, Na K, Rb, or Cs), using a planetary 
ball mill (Fritsch GmbH, GR) in dry air for 30 min. 7 mmol of the solid alkali carbonate was added 
for each gram of the yeast. In our preliminary study, additive quantity of K2CO3 was determined as 
the same gram of the yeast (1 gram of K2CO3 per 1 gram of the yeast deserves 7mmol of K2CO3 per 
1 gram of the yeast.). In this study, we made uniform additive quantity of other alkali carbonates. 
The raw material together with the alkali carbonate was pulverized into a powder in the mill so they 
were well mixed. 
 The mixed powder was heated to 973 K in an electric furnace at the rate of 10 K min–1; it was held 
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at this temperature for 1 h under a nitrogen flow at a flow rate of 500 ml min–1. The carbonized 
samples were gradually cooled to room temperature after the activation period. The samples were 
washed with water to remove the residual chemicals. The washed samples were dried at 373 K to 
obtain the activated carbon products. The activated carbon (AC) samples activated by the alkali 
carbonate X2CO3 (X = Li, Na, K, Rb, or Cs) are designated X-AC. The above-mentioned process 
does not require the drying of the mixed raw material, which is required in the conventional 
chemical activation process. 
 
3.2.2 Characterization 
 The surface morphologies of the resultant activated carbons were observed by a scanning electron 
microscope (Hitachi Co., Ltd., JP). Nitrogen adsorption isotherms were measured at 77 K using a 
volumetric apparatus (Micromeritics ASAP 2400) after degassing at 383 K for 2 h. The nitrogen 
isotherms were analyzed with the subtracting pore effect method using an αs-plot for the 
determination of the micropore structural parameters [11]. The total pore volumes were determined 
at a point on the isotherm at a relative pressure above 0.98. The average pore diameter, assuming 
slit-shaped pores, was determined by the following equation: d = (2000 × Vtotal)/Sα, where Vtotal and 
Sα are the total pore volume and the surface area from the αs-plot, respectively. 
 Methane adsorption isotherms were measured up to 0.90 MPa at 303 K using a gravimetric method 
(Bel Japan, Inc., JP) after pre-evacuation at 383 K for 2 h. 
 
 41
3.3. Results and discussion 
 The particles of the activated carbon are very fine and the tap density of the activated carbon is 
approximately 0.1 g cm–3. Figure 3.1 shows an SEM image of the activated carbon powder K-AC. 
The cellular structure originating from the yeast is preserved in the activated carbon. 
Figure 3.2 shows the nitrogen adsorption isotherms of the X-AC samples. The amount of nitrogen 
adsorbed at a relative pressure P/P0 = 0.4, where the adsorption is almost saturated, increases with 
the order of Li, Na, K, Rb, and Cs. In particular, Cs-AC has a very large adsorption amount, which is 
five times larger than that of Li-AC. It is noteworthy that Cs is significantly efficient in the 
development of pores. 
 The specific surface areas, total pore volumes, micropore volumes, and average pore diameters of 
the X-AC samples are summarized in Table 3.1. 
 The surface area and the pore volume increase with a change of the activation agent from Li to Cs. 
Cs-AC has a surface area of 2420 m2 g–1, which is close to the limit value for a single graphene sheet. 
Although the addition of Li and Na is not effective, K, Rb, and Cs efficiently develop micropores; 
the percentage of the micropore volume to the total pore volume of these three AC samples is over 
85%. The average pore width of Cs-AC is the largest of the three activated carbons. Consequently, 
Cs can efficiently catalyze the gasification reaction of carbon. Cerfontain et al. [12–14] showed the 
essential role of X2O in the gasification reaction of carbon to develop porosity. Cs2O is the most 
unstable of the five alkali metal oxides, based on the Gibbs free energy (Table 3.2) [15]. Therefore, 
the unstable Cs2O produced from Cs2CO3 should be the most effective for activation of the five 
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alkali metal oxides. 
 The methane isotherms, expressed in milligrams of supercritical methane per gram of carbon, at 
303 K up to a pressure of 0.9 MPa are shown in Figure 3.3. All the adsorption isotherms are 
Langmuirian, indicating the presence of considerably strong adsorption sites at which supercritical 
methane can be adsorbed. Rb-AC exhibits the greatest adsorption of methane, although the 
micropore volume of Rb-AC is smaller than that of Cs-AC; the micropores of Cs-AC are too large to 
adsorb supercritical methane. The density of the adsorbed phase is the highest in pores having 
effective widths close to 0.8 nm [16-17]. At low pressures (<0.25 MPa), the methane adsorption 
amount of K-AC is greater than that of Cs-AC. Above this pressure, the methane adsorption of 
Cs-AC is greater than that of K-AC. 
 
3.4. Summary 
 The activated carbons with large micropore volumes and mcropores coming from the cellular 
structures of bread yeast were simply prepared from an alkali carbonate–aided chemical activation 
with a milling procedure. The degree of activation is increasing with increasing of the Gibbs free 
energy. It is noteworthy that the activated carbons with Rb and Cs carbonates gave a great adsorption 
amount for supercritical methane.  
 43
 
 
 
 
 
 
 
 
 
 
 
Fig.3.1. SEM images of the microstructure of K-AC. 
 
100µm 
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Fig.3.2. Adsorption isotherms of N2 on activated carbon samples at 77 K. 
(●; Li-AC, ■; Na-AC, ▲; K-AC, □; Rb-AC, ○; Cs-AC) 
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Fig. 3.3. Adsorption isotherms of CH4 on activated carbon samples at 303 K 
(●; Li-AC, ■; Na-AC, ▲; K-AC, □; Rb-AC, ○; Cs-AC) 
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Table 3.1 Pore structures of activated carbons 
 
Sample Specific 
surface area 
(m2 g–1) 
Total 
pore volume 
(cm3 g–1) 
Micropore 
volume 
(cm3 g–1) 
Average 
pore width 
(nm) 
Li-AC 0330 0.25 0.12 0.53 
Na-AC 0480 0.30 0.18 0.80 
K-AC 1360 0.63 0.57 0.93 
Rb-AC 2150 0.98 0.89 0.91 
Cs-AC 2420 1.62 1.51 1.34 
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Table 3.2 Gibbs free energy of formation of alkali oxides 
 
 Sample Gibbs Free Energy 
(kJ mol–1) 
Li2O –561.1 
Na2O –375.5 
K2O –318.9 
Cs2O –308.1 
 48
References 
[1] S. Iijima, Nature 354 (1991) 56. 
[2] D. Ugarte, Nature 359 (1992) 707. 
[3] S. H. Joo, S. J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki, Nature 412 (2002) 169. 
[4] T. Otowa, Y. Nojima, T. Miyazaki, Carbon 35 (1997) 1315. 
[5] N. Yoshizawa, K. Maruyama, Y. Yamada, E. Ishikawa, M. Kobayashi, Y. Toda, M. Shiraishi, Fuel 
81 (2002) 1717. 
[6] L. Song, J. Miyamoto, H. Kanoh, Y. Nakahigashi, K. Kaneko, Carbon 44 (2006) 1884. 
[7] K. Kaneko, K. Murata, K. Shimizu, S. Camara, T. Suzuki, Langmuir 9 (1993) 1165. 
[8] K. Inomata, K. Kanazawa, Y. Urabe, H. Hosono, T. Araki, Carbon 40 (2002) 87. 
[9] K. R. Matranga, A. L. Myers, E. D. Glandt, Chem. Eng. Sci. 47 (1992) 1569. 
[10] A. Addoun, J. Dentzer, P. Ehrburger, Carbon 40 (2002) 1331. 
[11] K. Kaneko, C. Ishii, Colloids Surf. 67 (1992) 203. 
[12] M. B. Cerfontain, F. Kapteijn, J. A. Moulijn, Carbon 26 (1988) 41. 
[13] M. B. Cerfontain, J. A. Moulijn, Fuel 62 (1983) 256. 
[14] M. B. Cerfontain, D. Agalianos, J. A. Moulijn, Carbon 25 (1987) 351. 
[15] D. R. Lide, Handbook of Chemistry and Physics, CRC Press, Boca Raton FL, 1991, chap 5. 
[16] X. S. Chen, B. Mcenaney, T. J. Mays, J. Alcaniz-Monge, D. Cazorla-Amoros, A. Linares-Solano, 
Carbon 35 (1997) 1251 
[17] K. A. Sosin, D. F. Quinn, J. Porous Mater. 1 (1995) 111 
 49
 Chapter 4. Natural gas storage in activated carbon pellets without a binder 
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Natural gas storage 
in activated carbon pellets without a binder 
 
 
 
Abstract: Activated carbon pellets without a binder from cellulose microcrystals as a raw material 
were investigated. Compressed raw material pellets were carbonized at 1073 K under nitrogen. To 
activate them, the carbon pellets were heated at 1173 K under carbon dioxide. The activated carbon 
pellet shape was columnar by using the previous employed compression of the raw material. The 
total surface area and the pore volume were decreased with an increase in compression pressure 
under the same heat treatment conditions. On the contrary, the bulk densities of the activated carbon 
pellets were increased. However, these properties can be easily controlled by changing the sintering 
temperature and time. The bulk density of sample pellet was 0.56 g/cm3. It is 2.3 times higher than 
activated carbon powder, which was made without the compression process. The total methane 
storage capacity at 298 K reached 164 cm3 in 1 cm3 volume of activated carbon pellets at 3.5 MPa. 
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4.1. Introduction 
 Natural gas storage is of great interest to many industries, such as natural gas vehicle, because of its 
inherent clean burning characteristics [1, 2, 3, 4, 5 and 6]. The most popular type of storage method 
is compressed natural gas (CNG) at 20 MPa (3000 p.s.i.g). However, CNG requires a high 
pressure-resistance cylindrical vessel that is generally difficult to integrate within a limited space. 
Moreover, CNG suffers from a major drawback, it is difficult to store with sufficient energy density 
comparable with liquid fuels. 
 An alternative to this storage method is an adsorbed natural gas (ANG) storage system. The 
possibility of an ANG storage system has been actively researched in recent years [7 and 8]. Among 
the adsorbents explored, microporous carbon adsorbents are the most attractive for n the storage of 
natural gas. The majority of carbon adsorbents are granular, powder, or fibers [9]. These carbon 
adsorbents have several merits, such as high surface area and high pore volume on a mass basis. For 
a storage system, however, the adsorption must be evaluated on volume basis because voids, where 
adsorption does not occur, are ere formed between the particles as a result of packing. Thus, the 
important parameter of adsorbents is their bulk density. 
 Many efforts have been made to minimize the useless voids and increase the bulk density. Typically, 
carbon adsorbent particles can be achieved by being bound together y using binders such as resin. 
However, the use of resin to increase bulk density has disadvantages; though the binder will increase 
bulk density, it can also block the micropores of the adsorbent. As a result, it is necessary to activate 
the reconstruction of the pores [10]. In view of the above shortcoming of the use of binders, it is 
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desirable to find some other type of method that does not have this problem. 
 This study was an attempt to produce activated carbon pellets without any binder. The compressed 
cellulose microcrystal pellets were carbonized and activated to prepare activated carbon pellets. 
Characterization of pore structure was examined using N2 adsorption isotherm. Methane adsorption 
isotherms for all samples were measured up to 0.86 MPa by a gravimetric method. The methane 
storage performances for pressure up to 10.0 MPa were evaluated by a volumetric method. 
 
4.2. Experimental 
4.2.1. Preparation of activated carbon pellets 
 Fig. 4.1 shows a schematic diagram of the apparatus used for the compression of the raw material. 
Anhydrous cellulose microcrystal powder (Merk Co. Ltd., NJ, USA) was used as the raw material. 
The size of the crystals was about 15 µm. About 1.5 g of the raw material were placed between the 
pistons in the dice and a mechanical pressure, P, was loaded on them for 1 min by an oil hydraulic 
machine. The pressure range was from 0 to 98.1 MPa. After the compression, the raw material 
ejected from the dice was columnar pellet. The pellets were then carbonized by an electric furnace at 
the rate of 10 K/min up to 1073 K under nitrogen. The nitrogen flow rate and the carbonization 
period were 500 cm3/min and 6 h, respectively. When the carbonization process finished, the 
nitrogen was replaced with carbon dioxide. To activate, the carbon pellets were heated at the rate of 
10 K/min from 1073 to 1173 K under carbon dioxide. The carbon dioxide flow rate was 500 cm3/min. 
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The activation periods ranged from 6 to 19 h. The samples were gradually cooled to room 
temperature under carbon dioxide after the activation period.  
 Fig. 4.2 shows a typical process for producing binders-less activated carbon pellets compared with 
the traditional process for activated carbon pellets. 
 
4.2.2. Characterizations 
 The surface morphologies of activated carbon pellets and powder were examined by scanning 
electron microscope (Hitachi Co. Ltd., Ibaraki, Japan S-2380 N). The true density of all the samples 
were measured using a helium pycnometer (AccuPyc, Model 1330, Shimadzu Corporation, Tokyo, 
Japan) after degassing 473 K. The true density of a nonporous graphite used as reference was 2.3 
g/cm3. The bulk densities of all the samples were determined by the weight of the dried activated 
carbon pellet and its geometrical volume. The destruction pressure was evaluated using the 
compressive fracture test. The load was applied to both end faces of the pellet. Nitrogen isotherms 
were determined at 77 K using a micromeretics ASAP 2400 instrument after degassing at 383 K. 
The nitrogen isotherms were fitted to both t-plot equations for the determination of the micropore 
volume and the BET equation for the relative surface area. The total pore volumes were determined 
from a point on the isotherm at a relative pressure above 0.98. The average pore diameter, (d in nm), 
was calculated by the following equation: d=(4000×Vtotal)/SBET where Vtotal and SBET are the total 
pore volume and BET surface area, respectively. 
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 Methane adsorption isotherms at 303 K for all samples were measured up to 0.86 MPa by a 
gravimetric method (Bel Japan, Inc., Osaka, Japan). The methane storage performances for pressures 
up to 10.0 MPa were evaluated volumetrically at 298 K by the underwater collection method. The 
experimental set-up is shown schematically in Fig. 4.3. The cell volume was 10.0 cm3. All samples 
were previously degassed at 423 K for 5 h with a high vacuum pump. In the case of charging 
methane, the line A was used. The equilibrium pressure was measured when a constant charge 
pressure of methane was maintained for 20 min. The collections of storage gas were taken after the 
gas line has been evacuated by the high vacuum pump except cell. The line B was used for 
collection of storage methane. The oil-less vacuum pump was employed for the collection of storage 
methane gas under atmospheric pressure. The total volume was evaluated with a measuring cylinder. 
The cell was heated by an electric heater at 353 K. The collected gas was checked by gas 
chromatography and was solely methane without any other gas. The efficiency of methane storage, 
V/V0, was calculated by following the equation: 
V/V0=[Va−(Vcell−Vpellet)×Pa/Z]/Vpellet 
where Va, Vcell, Vpellet, Pa and Z are the total volume of collected gas at 298 K, cell volume, activated 
carbon volume, the equilibrium pressure and Z factor at 298 K, respectively. The number of 
measurements was four at each equilibrium pressure. 
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4.3. Results and discussion 
4.3.1. Activated carbon pellets 
 The photograph of activated carbon pellets and raw material pellet is shown in Fig.4.4. The raw 
material pellets prepared at a pressure P=98.1 MPa was 0.9 cm in diameter and 1.5 cm in thickness. 
After 6 h of activation, pellet size decreased to 0.6 cm in diameter and 0.7 cm in thickness. The bulk 
density also decreased from 1.30 to 0.99 g/cm3. The shape of the activated carbon pellets was 
maintained as columnar.  
 Table 4.1 shows the property of activated carbon pellets. The yield and bulk density of the activated 
carbon pellets were increased with higher compression pressures of the raw material under the same 
heat-treatment conditions. Inversely, if the activation period was increased under the same treatment 
temperature, the yield and bulk density decreased. However, the bulk density of sample 6, which has 
lower yield compared with the activated carbon powder (sample 1), was 0.56 g/cm3. It has a 2.3 
times higher bulk density than that of activated carbon powder. The true density of the carbon pellet 
does not depend on the compression pressure of the raw material and heat-treatment period. The 
destructive pressure was only measured for sample 4 and was 4.3 MPa, which was averaged over ten 
samples. 
 This new preparation of binder-less activated carbon pellets is useful for easily reducing the length 
of the process as shown in Fig. 4.2, and also it controls the bulk density by changing the 
compression pressure of the raw material. 
 Fig. 4.5a and b shows SEM images of surface morphology of activated carbon powder (sample 1) 
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and activated carbon pellets (sample 4), respectively. The cellulose domains did not bind together 
and maintain the morphology after activation in both samples. The carbonized cellulose 
microcrystals are highly packed in sample 4.  
 Natural materials such as coconut shell, peach stone, and coffee beans were used as the raw 
materials in order to evaluate the possibility of this method. Each material was crushed to 300 µm 
and washed with boiling water for the extraction of soluble matter. The preparation conditions were 
the same as for sample 3. Activated carbon pellets can be made from all these raw materials. The 
activated carbon pellet bulk densities of coconut shells, peach stones, and coffee beans were 0.60, 
0.79, and 0.88 g/cm3, respectively. The porous texture characterizations for these samples are under 
investigation. 
 
4.3.2. Porous texture 
 Fig. 4.6 presents the nitrogen adsorption isotherms. It can be observed that all samples have Type I 
isotherms characteristic of microporous materials. The degree of activation for these carbonaceous 
materials is high and the micropore volumes obtained are large. Table 4.2 shows the property of 
activated carbon pellets. The pore volume and BET surface area decreased with an increase in the 
compression pressure of the raw materials under the same heat-treatment conditions. The 
relationship between the compression pressure and the pore volume is nonlinear and the change of 
porous texture is saturated at P = 49.0 MPa. Thus, the higher the compression pressure of the raw 
material, the more difficult it is to increase the activation efficiency under the same heat-treatment 
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conditions. In fact, the total pore volume, the micropore volume, and the relative surface area 
increased at longer activation periods as shown in Table 4.2. In contrast to the consequence of pore 
volume and BET surface area, the average pore diameter was independent of the compression 
pressure. In this paper, the average pore diameter was calculated under cylindrical assumption 
because all the samples had an amorphous structure. However, as for the average pore diameter a 
close examination has to be made.  
 The micropore volume (cm3/g) is a very important parameter to methane adsorption on a mass 
basis. For the storage system, however, the adsorption must be evaluated on a volume basis because 
voids were formed between the particles of activation carbon as a result of the packing. Thus, the 
micropore volume (cm3/cm3) that was calculated from micropore volume (cm3/g) times bulk density 
(g/cm3) is shown in Table 4.2. 
 The micropore volume (cm3/cm3) almost increased with increased compression pressure of the raw 
material. 
 Fig. 4.7 illustrates the changes that occur in total pore volume and BET surface area with activation 
expressed as the percent of weight yield from the raw material. These show the same trend, that is, 
as activation increases, increases are observed in the total pore volume and BET surface area. In this 
figure, triangles and circles indicate the value of the powder and pellets, respectively. A linear 
relationship is observed between the yield and porous properties. Thus, the porous texture depends 
on the degree of activation efficiency.  
 The ratio of micropore volume to the total pore volume was over 93% in all samples. This is an 
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advantage for their application in methane storage. 
 
4.3.3. Methane storage 
 The methane isotherms, expressed in milligrams of methane per gram of carbon, at 303 K up to 
pressures of 0.85 MPa are shown in Fig. 4.8. All the adsorption isotherms are Langmuirian, 
indicating the presence of micropores in which supercritical methane can be filled. In this plot it can 
be observed that the methane capacities of the pellets were greater than that of the powder at low 
pressures (<0.4 MPa), indicating different micropore size distributions.  
 The stored methane capacity of the activated carbon is shown in Fig. 4.9. The sensitivity of the 
underwater collection method is high, since the measurements of CNG agreed fairly with the 
calculation of CNG. The methane storage capacity increased with increasing of the pore ratio of 
sample volume. The pellet samples used in this study have large volumetric methane adsorption 
capacities because of their high micropore volume and high bulk density. The maximum values 
reached 164 V/V0 at 3.5 MPa in the case of sample 6. 
 Fig. 4.10 illustrates the changes of V/V0 at 3.5 MPa with the micropore volume (cm3/cm3). The 
open circles show that V was the amount of storage methane gas in the adsorbent volume, which 
included voids. In this case, V/V0 was not a liner relationship to micropore volume because of the 
compressed gas, which was stored in the voids, was involved with V. Closed circles represent that V 
was the amount of storage methane in the micropore region. The amount of storage methane in the 
micropore region (Vm) was calculated by the following equation: 
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Vm=Va−{[(Vtotal−Vmicro)+Vvoid]×Pa/Z} 
where Va, Vtotal, Vmicro, Vvoid, Pa and Z are the total volume of collected gas in the adsorbent volume 
at 3.5 MPa, total pore volume, micropore volume, void volume, the equilibrium pressure (3.5 MPa) 
and Z factor at 3.5 MPa, respectively. In this case, the relationship between V/V0 and the micropore 
volume was not linear. The V/V0 increased with an increase in the micropore volume.  
 As a result, it is important to increase the micropore volume (cm3/cm3) and to decrease the voids to 
improve the efficiency of methane storage. 
 
4.4. Conclusion 
 A method was presented to prepare activated carbon pellets from cellulose microcrystals as the raw 
material without any binders. The bulk density of the carbon pellets was controlled easily in the 
range of 0.56–0.99 g/cm3 by changing the compression pressure of the raw materials and the 
heat-treatment conditions. The bulk density of the pellet sample, which has maximum pore volume 
in this experiment, was 0.56 g/cm3. It is 2.3 times higher than that of activated carbon powder. The 
total methane storage capacity at 298 K reached 164 cm3 in 1 cm3 volume of activated carbon pellets 
at 3.5 MPa. This value clearly surpasses the 150 V/V0 values, which is considered useful from a 
commercial point of view.  
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Fig. 4.1. Schematic illustration of the dice used for briquetting. 
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Fig. 4.2. The methods of preparing the activated carbon pellets. 
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Fig. 4.3. Experimental set-up for the measurements of CH4 adsorptions  
up to pressures of 10.0 MPa. 
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Fig. 4.4. Photo image of the raw material (a) and activated carbon pellet (b). 
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Fig. 4.5. Scanning electron micrographs of activated carbon.  
(a) Activated carbon powder and (b) activated carbon pellet. 
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Fig. 4.6. The adsorption isotherms of N2 on activated carbon samples at 77 K. 
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Fig. 4.7. Total pore volume and BET surface area with percent yield.  
Solid and open triangles: powder samples; solid and open circles: pellet samples. 
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Fig. 4.8. The adsorption isotherms of CH4 on activated carbon samples at 303 K. 
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Fig. 4.9. Changes of CH4 storage efficiency (V/V0) in the same volume of activated carbon  
with compression pressure. 
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Fig. 4.10. Changes of CH4 storage efficiency (V/V0) 
 at 3.5 MPa with micropore volume (cm3/cm3).  
Open circles: V was the amount of storage methane gas in the adsorbent volume, which 
included the voids. Closed circles:  
V was the amount of storage methane in the micropore region. 
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Table 4.1. Property of activated carbon pellets from cellulose microcrystals 
Sample 
number 
Compression 
pressure 
(t cm-2) 
Yield 
(%) 
Bulk 
density 
(g cm-3) 
True 
density 
(g cm-3) 
Destructive 
pressure 
(MPa) 
Activation 
time 
(h) 
1 0 10.0 0.24 1.9 － 6.0 
2 0.25 11.2 0.61 1.9 － 6.0 
3 0.5 13.0 0.72 1.9 － 6.0 
4 1.00 13.7 0.99 1.9 4.3 6.0 
5 1.00 10.2 0.60 1.9 － 9.5 
6 1.00 8.0 0.56 1.9 － 19.0 
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Table 4.2. Pore structures of activated carbon pellets from cellulose microcrystals 
Sample 
number 
BET 
surface area 
(m2 g-1) 
Total pore 
volume 
(cm3 g-1) 
Micro pore 
volume 
(cm3 g-1) 
Micro pore 
volume 
(cm3 cm-3) 
Average pore 
width 
(nm) 
1 1790 0.74 0.70 0.17 1.6 
2 1480 0.62 0.58 0.35 1.6 
3 1130 0.47 0.45 0.32 1.6 
4 1100 0.46 0.44 0.44 1.6 
5 1780 0.74 0.71 0.44 1.6 
6 2340 1.05 0.98 0.55 1.7 
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Chapter 5. CH4/CO2 adsorption separation and storage capacity of single wall carbon nanohorn 
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capacity of single wall carbon nanohorn 
 
 
Abstract   Single wall carbon nanohorn (SWCNH), which is a tubular particle with a cone cap, was 
oxidized in H2O2 at 373 K. N2 adsorption at 77 K, CH4 and/or CO2 adsorption at 298 K were carried 
out on the SWCNH, oxidized SWCNH and activated carbon. The surface area, pore volume and 
pore width of oxidized SWCNH by N2 adsorption at 77 K were 1440 m2 g-1, 0.602 ml g-1, 1.7 nm, 
respectively, revealing the opening internal pores by H2O2 oxidation. 
 The adsorption molar ratios of CO2 to CH4 at 298 K and 0.72 MPa were 2.18 for SWCNH, 1.96 for 
oxidized SWCNH, and 1.89 for activated carbon. The recovery ratios were 0.73 for SWCNH, 0.90 
for oxidized SWCNH, 0.62 for activated carbon. These results indicate that SWCNH and oxidized 
SWCNH are hopeful applicants not only for storage of CH4-CO2 mixtures, but also removal of CO2 
from CH4-CO2 mixtures. 
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5.1 Introduction 
 A critical climate change associated with the rapid buildup of greenhouse gases such as CH4 and 
CO2 in the atmosphere is the world's concern. Therefore, sequestration of greenhouse gases is an 
urgent issue for human society. A range of technologies under the broad title of carbon capture and 
storage (CCS) have been proposed for this issue [1]. CH4 is a hopeful clean fuel, although CH4 is a 
representative greenhouse gas. This is because CO2 emission from combustion of CH4 is the least in 
hydrocarbon fuels per unit energy. Then we need to use CH4 efficiently containing in natural gas, 
biogas, landfill gas, savage gas, mine gas and wellhead gas. However, these gases contain CO2 as a 
main component. The separation technology of CH4 and CO2 is essentially indispensable to 
sequestrate CO2 in utilization of these gases. 
 Although the adsorption method with pressure swing adsorption (PSA) technology has been tried to 
separate CO2 from CH4/CO2 mixture like biogas, conventional nanoporous materials such as 
activated carbons and zeolites are not effective for the capture of CO2 from the CO2/CH4 mixtures. 
Separation of CO2 using ionic liquid [2]–[3] has given better results, although elevated temperature 
for regeneration was needed and the regeneration time was rather long. Any adsorbent to be used in 
CCS must be easily handled at ambient temperature. An optimum adsorbent for CO2 separation from 
CH4/CO2 mixtures at ambient temperature should lead to a highly efficient CO2 separation method. 
Studies on the synthesis and application of ordered mesoporous materials became active and fruitful 
[4]–[8]; its application for CO2 capture has also been studied [9] – [12]. However, searching for a 
selective and efficient adsorbent for the separation of CO2/CH4 at the ambient temperature is still a 
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challenging subject. 
 On the other hand, biogas adsorption storage system is under development in the world. Biogas is 
adsorbed without separation in storage tank. Thus, the system is required to desorb the adsorbed gas 
as it was.  
 Single wall carbon nanohorn (SWCNH) particles form a unique assembly structure of dahlia flower 
type [13] – [14]. These assemblies are mutually packed each other to increase the nanoporosity, 
showing an excellent adsorptivity for CH4 [15]. The oxidation treatment of SWCNHs with O2 at a 
high temperature donates nanoscale windows which give rise to molecular sieving effect [16]. 
 We expect the potential of SWCNHs for CO2 separation from the CH4/CO2 mixture and 
well-desorption of CH4-CO2. In this paper, the adsorption isotherms of CH4 and CO2 on SWCNH 
were measured and the single component isotherms for CH4 and CO2 were compared with that for 
the CH4/CO2 mixture. 
 
5.2 Experimental 
Carbon materials tested in the present study are listed in Table 5.1. Dahlia-flower type SWCNH was 
synthesized by CO2 laser ablation of graphite under Ar gas, which is named as SWCNH. The 
detailed description on the synthesis of SWCNH is found in previous article [13]. The oxidized 
SWCNH was derived from SWCNH with H2O2 oxidation. SWCNH was treated in 33 % H2O2 
aqueous solution at 373 K for five hours. Then, the treated SWCNH was filtered and washed with 
distilled water. Finally, the sample was dried at 373 K in vacuum to obtain the oxidized SWCNH. 
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The porosity of carbon materials was characterized by nitrogen adsorption at 77 K after 
pretreatment at 573 K and 10-5 Pa with the volumetric apparatus (Autosorb 1: Quantachrome). The 
nitrogen adsorption isotherm was analyzed by the αs – plot. 
A gravimetric adsorption apparatus (Bel Japan, Inc.,) was used to measure the adsorption isotherms 
of CH4, CO2, and CH4-CO2 mixtures on carbon samples. In the apparatus, an ultra – sensitive 
microbalance of resolution 0.5 µg is mounted in the thermostated heatsink with high precision 
temperature control mechanism. The sample weight about 100 mg for each run. Before the 
measurements, the sample was vacuumed up to 10-5 Pa and outgassed at 573 K for 2 hours. The 
adsorption isotherms of the pure CH4 and CO2 were measured up to 0.72MPa at 298 K. The 
Langmuir isotherm is used to describe these data;  
Pb
PKV ⋅+
⋅=
1
  (1) 
where V is the quantity adsorbed at an equilibrium pressure P. K and b are the Langmuir constants. 
In our experiment, we prepared the gas mixture from typical anaerobic digestion product gas 
although the contents of CH4 and CO2 in biogas vary in a wide range for different biomass resources. 
Two major components of CH4 and CO2 in the biogas are considered in the analysis. Pure CH4 and 
CO2 gases are mixed to produce a model gas with a mole ratio of CH4:CO2 = 67:33. 
 
5.3 Results and Discussion 
5.3.1 Pore structures 
 The nitrogen adsorption isotherm was used to analyze the changes in the pore structure of SWCNH. 
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The nitrogen adsorption isotherms of SWCNH and activated carbon at 77 K are shown in Fig.5.1. 
The isotherm of SWCNH is of type II of IUPAC classification and the isotherm of activated carbon 
is of type I of IUPAC classification.  
 The oxidation gives rise to a marked increase of adsorption due to addition of nanoscale windows; 
nitrogen molecules are adsorbed in inner tube spaces through nanoscale windows. The high uptake 
below P/P0 < 0.1 corresponds to adsorption due to micropore filling. However, SWCNH has a 
relatively large external surface area, leading to the type II behavior. 
 The nitrogen adsorption isotherm was analyzed by the subtracting pore effects method using the αs 
– plot [17]. The αs – plots are shown in Fig. 5.2. The pore structural parameters were determined 
from the αs – plot. The average pore width w was calculated from total pore volume V and specific 
surface area A, assuming a cylindrical pore in SWCNH by w = 4V/A, or a slit-shaped pore in 
activated carbon by w = 2V/A. The obtained pore parameters are listed in Table. 5.1. The specific 
surface area, pore volume, and average pore width of SWCNH are 390 m2 g–1, 0.145 ml g–1, 1.5 nm, 
respectively. On the other hand, the specific surface area, pore volume, and average pore width of 
oxidized SWCNH are 1440 m2 g–1, 0.602 ml g–1, 1.7 nm, respectively. The specific surface area and 
pore volume increased by more than three times of the pristine one with the H2O2 oxidation. Thus, 
the oxidation treatment can increases remarkably the porosity of SWCNH, being comparable to 
activated carbon. 
 The presence of mesopores is indicated from the αs – plot. Then, density functional theory (DFT) 
method was applied to determine the pore size distribution, as shown in Fig. 5.3. Activated carbon 
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has predominant pore size distributions around 0.7 nm. There are three peaks around 0.7, 1.5 and 2.7 
nm in the distribution curve of oxidized SWCNH. On the other hand, the peaks of the pore size 
distribution are broad due to the small porosity. The increment of the pore volume of oxidized 
SWCNH should stem from internal spaces. 
 
5.3.2 Adsorption isotherms for CH4 and CO2 
 The adsorption isotherms of the CH4 and CO2 up to 0.72MPa at 298 K. Experimental data of 
adsorption amounts for CH4 and CO2 are shown in Figs. 5.4 and 5.5. The experimental data can be 
well described with the Langmuir isotherms. The amount of CH4 or CO2 adsorption increases almost 
monotonously with increasing the pressure. The oxidized SWCNH gives much larger adsorption 
amounts for CH4 and CO2 than SWCNH; the adsorption amount of CH4 on oxidized SWCNH at 
0.72 MPa reaches about 50 mg g–1, being about four times of that on SWCNH. The adsorption 
amount of CO2 on oxidized SWCNH at 0.72 MPa is 276 mg g–1, being twenty times of that on 
SWCNH. The remarkably great adsorption amounts of oxidized SWCNH for CH4 and CO2 are 
ascribed to a complete accessibility to the internal tube spaces. Fig. 5.6. shows the CO2/CH4 
adsorption ratio. The adsorption ratio is given by molar amount adsorbed of CO2 divided by that of 
CH4. The adsorption ratios of SWCNH increase with increasing the pressure. On the other hand, the 
ratios of oxidized SWCNH and activated carbon decrease with increasing the pressure. Activated 
carbon should have great amounts of narrow micopores than SWCNH, because CO2 can be more 
preferably adsorbed in narrower micropores. As the micropores less than 1 nm are major for 
 78
activated carbon (Fig. 5.3), CO2 molecules are more preferentially adsorbed on activated carbon than 
CH4 molecules in a low pressure region. In a high pressure region the increase ratio of CH4 is larger 
than that of CO2. Then, the CO2/CH4 adsorption ratio decreases with increasing the pressure. The 
micropores larger than 1 nm are predominant for SWCNH, whereas contribution of pores less than 1 
nm for activated carbon is greater than for SWCNH, as shown in Fig. 5.3. Then CO2/CH4 adsorption 
ratio of SWCNH increases with the pressure, being different from that of activated carbon. Oxidized 
SWCNH has not only narrow pores less than 1 nm but also wide pores larger than 1 nm, as shown in 
Fig. 5.3. Then CO2/CH4 adsorption ratio of oxidized SWCNH does not vary remarkably with the 
pressure. The CO2/CH4 adsorption ratios at 0.02 MPa and 0.72 MPa are listed in Table. 5.2. The 
advantage of CO2/CH4 separation capability of the carbon samples varies with pressure. Hence, the 
adsorbent materials should be chosen based on the operational pressure in order to separate CO2/CH4 
mixture efficiently. 
 
5.3.3 Adsorption of CH4-CO2 mixture 
 The adsorption amount of the feed mixture CH4:CO2 = 67:33 on carbon materials was measured at 
298 K. The total adsorption isotherms are shown in Fig. 5.7. The total adsorption amount increases 
monotonously with increasing pressure, which is similar to the component adsorption isotherm of 
CH4 or CO2. The CH4-CO2 adsorption amount of oxidized SWCNH at 0.72 MPa is 128 mg g–1, 
being much larger than 28 mg g–1 of SWCNH. A hysteresis is observed in adsorption isotherms in 
the low pressure region. The adsorption isotherms in the low pressure region are magnified in Fig. 
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5.7(B), which shows more clearly the presence of the hysteresis. The better recovery needs a 
complete reversible adsorption isotherm without the hysteresis. Activated carbon has the most 
explicit hysteresis. The gas adsorption – desorption recovery ratios due to the hysteresis are listed in 
Table.3. The ratio is given by the amount adsorbed of CH4-CO2 mixture at 0.02 MPa in adsorption 
divided by the amount adsorbed of CH4-CO2 mixture at 0.02 MPa in desorption. The recovery ratio 
is 0.73 for SWCNH, 0.90 for oxidized SWCNH, 0.62 for activated carbon, respectively. This means 
that SWCNHs are of great advantage to store and release the CH4-CO2 mixture compared with 
activated carbon. 
 
5.3.4 CH4-CO2 competitive interaction on adsorption 
 The Lennard-Jones potential has been widely used for molecular simulation to describe adsorption 
of gases in pores; the  Lennard-Jones parameters can give a good indication for molecule-pore 
interaction. The Lennard-Jones parameters of the potential depth ε and the molecular size σ are 
190~210 K and 0.39~0.40 nm for CO2 and 137~144 K, and 0.38 nm for CH4 [18], respectively. A 
larger CO2 molecule can interact more strongly with narrower micropores than a smaller CH4 
molecule, inducing a competitive adsorption behavior in the CH4-CO2 mixture adsorption. If no 
competition occurs in the experimental adsorption of the mixed gas, the addition of the component 
adsorption isotherms of CO2 and CH4 must describe well the observed mixed gas isotherms. We 
obtained calculated gas adsorption isotherm for mixed gas using the component isotherms expressed 
by Langmuir equations. 
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 Fig . 5.8 shows comparison of the calculated and observed mixed gas isotherms for SWCNH. Both 
isotherms cross each other at 0.07 MPa; the experimental isotherm is upward devided from the 
calculated one below 0.07 MPa, while the relation is converted above 0.07 MPa. Accordingly, CO2 
and CH4 mutually interact each other on adsorption and the competitive adsorption state depends on 
the pressure. The adsorption of the mixed gas is enhanced or suppressed due to the CH4-CO2 
interaction below 0.07 MPa, compared with the calculated mixed gas isotherm from the component 
adsorption isotherms. 
 The upward deviation below 0.07 MPa should stem from enhanced CO2 adsorption mediated by the 
coadsorbed CH4 in the narrower micropores. As CO2 molecules are preferentially adsorbed at 
stronger sites in the narrower pores, preadsorbed CH4 molecules promote the CO2 adsorption due to 
addition of CH4-CO2 interaction to the CO2-wall interaction. Hence, more CO2 molecules can be 
adsorbed in the presence of coadsorbed CH4. However the CO2 adsorbed layer including coadsorbed 
CH4 molecules should be formed at the narrower pore to induce blocking of the further adsorption. 
Comparison of the calculated and observed mixed gas isotherms for oxidized SWCNH is shown in 
Fig. 5.9. The experimental and calculated isotherms of oxidized SWCNH cross at 0.1 MPa.  The 
calculated and observed mixed gas isotherms of activated carbon are in Fig. 5.10. The crossing 
pressure of calculated and observed isotherms is 0.13 MPa. The deviation of these adsorption 
isotherms for activated carbon is larger than that for SWCNH or oxidized SWCNH. This indicates 
that activated carbon has the greater volume of narrow pores, and enhancement of CO2 adsorption on 
activated carbon is more marked than that on SWCNH or oxidized SWCNH. The crossing pressure 
 81
should indicate the blocking of further adsorption. The crossing pressure depends on the carbon 
sample (SWCNH: 0.07 MPa, oxidized SWCNH: 0.1 MPa, and activated carbon: 0.13 MPa), which 
is associated with the pore size distribution in the narrow pore region. 
 
5.4 Conclusion 
 Adsorption storage and purification of CH4-CO2 mixture gas is an important and challenging 
subject. In addition to the storage of methane [19], we focus on the separation capability of novel 
adsorbent SWCNHs for removal of the major impurity CO2 by adsorption in this work. The 
CH4/CO2 separation ratio of SWCNH increased with the pressure, while that of oxidized SWCNH 
decreased. Hence SWCNHs is a hopeful adsorbent for pressure swing adsorption. SWCNHs can 
release CH4-CO2 mixture better than activated carbon from the adsorption-desorption isotherms of 
CH4-CO2 mixture. Therefore SWCNHs is also suitable to store CH4-CO2 mixture without separation. 
 SWCNH is very promising to enhance the utilization of CH4/CO2 mixtures like biogas. As the same 
time, it should be pointed out that Langmuir isotherm analysis method could not illustrate the 
CH4-CO2 mixture adsorption. Engineering requires rapid methods to approximate and predict of the 
system. This is a topic to be addressed in our future work. 
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Fig. 5.1. Nitrogen adsorption isotherm at 77 K on carbon materials 
(■: SWCNH, ▲: Oxidized SWCNH, ●: Activated carbon)
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Fig. 5.2. αs – plot of nitrogen adsorption isotherm at 77 K on carbon materials 
(■: SWCNH, ▲: Oxidized SWCNH, ●: Activated carbon) 
700
600
500
400
300
200
100
0
N 2
 
a
m
o
u
n
t
 
a
d
s
o
r
b
e
d
 
(
m
l
_
S
T
P
 
g
-1
)
2.01.51.00.5
αs
 84
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3. Pore size distribution of carbon materials by using the DFT method 
(solid line: SWCNH, dashed line: Oxidized SWCNH, chain line: Activated carbon) 
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Fig. 5.4. CH4 adsorption isotherms at 298 K on carbon materials 
(□: SWCNH, : Oxidized SWCNH, ○: Activated carbon, solid line: Calculated Langmuir 
isotherm) 
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Fig. 5.5. CO2 adsorption isotherms at 298 K on carbon materials 
(□: SWCNH, : Oxidized SWCNH, ○: Activated carbon, solid line: Calculated Langmuir 
isotherm) 
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Fig. 5.6. CO2/CH4 adsorption ratio (■: SWCNH, ▲: Oxidized SWCNH, ●: Activated carbon)
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Fig. 5.7. CH4-CO2 total adsorption isotherms at 298 K on carbon materials 
(■: SWCNH, ▲: Oxidized SWCNH, ●: Activated carbon) 
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Fig. 5.8. Comparison of CH4-CO2 mixture adsorption isotherms of SWCNH in the different 
pressure regions. (A): up to 0.8 MPa and (B) up to 0.2 MPa. 
(●: Experimental data, ○: Calculated data) 
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Fig. 5.9. Comparison of CH4-CO2 mixture adsorption isotherms of oxidized SWCNH in the 
different pressure regions. (A): up to 0.8 MPa and (B) up to 0.2 MPa. 
(●: Experimental data, ○: Calculated data) 
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Fig. 5.10. Comparison of CH4-CO2 mixture adsorption isotherms of activated carbon in the 
different pressure regions. (A): up to 0.8 MPa and (B) up to 0.2 MPa. 
(●: Experimental data, ○: Calculated data) 
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Table 5.1. Porosity of carbon materials 
 
Sample Specific surface area 
(m2 g–1) 
Total pore volume 
(ml g–1) 
Pore width 
(nm) 
SWNH  390 0.045 0.5 
Oxidized SWNH 1440 0.602 1.7 
Activated carbon 1510 0.799 1.1 
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Table 5.2. Molar CO2/CH4 adsorption ratio of carbon materials 
 
Pressure 0.02 MPa 0.72 MPa 
Sample VCO2 
(mmol g–1) 
VCH4  
(mmol g–1)
Adsorption 
ratio 
VCO2 
(mmol g–1)
VCH4  
(mmol g–1) 
Adsorption 
ratio 
SWNH 0.173 0.096 1.80 1.812 0.829 2.19 
Oxidized SWNH 0.374 0.179 2.08 6.132 3.123 1.96 
Activated carbon 0.713 0.271 2.63 6.291 3.316 1.90 
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Table. 5.3. Recovery ratio of the CO2-CH4 mixture gas adsorption – desorption hysteresis 
 
Sample Vads@0.02MPa (mg g–1) Vdes@0.02MPa (mg g–1) Recovery ratio 
SWNH 5.52 7.56 0.73 
Oxidized SWNH 12.32 13.64 0.90 
Activated carbon 25.3 41.37 0.62 
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Chapter 6. General Conclusion 
 
 Chapter 6. 
 
 
 
General Conclusion 
 
 
 
 This dissertation presents that several kinds of carbon materials with differently designed 
nanostructures have various adsorption capacities of N2, CH4 and CO2. Prepared carbon materials 
indicate different pore characteristics from ultramicropores to mesopores as described below. The 
activated carbons with large micropore volumes and mcropores coming from the cellular structures 
of bread yeast were simply prepared from an alkali carbonate–aided chemical activation with a 
milling procedure. The degree of activation is increasing with increasing of the Gibbs free energy. It 
is noteworthy that the activated carbons with Rb and Cs carbonates gave a great adsorption amount 
for supercritical methane. 
 The study presented here provided experimental data for adsorption and desorption of carbon 
dioxide and methane on a novel adsorbent, SWCNHs prepared by NEC group, and activated carbon. 
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In addition to the storage of methane, we focus on the separation capability of SWCNHs and 
activated carbon for removal of CO2 by adsorption in this work. Oxidation of SWCNH made an 
access rout to the inner cavities and it will increase the adsorption ability of SWCNH. As the result 
the specific surface area of the sample was extended to 1440 m2 g–1 equal to that of activated carbon. 
Oxidized SWCNH exhibit excellent adsorptive capacity, with uptakes about 50 mg g–1 for CH4 and 
about 270 mg g–1 for CO2 at 0.72 MPa, respectively. The adsorption ratio of CH4/CO2 varied with 
the pressure, the adsorption ratio was 2.18 for SWCNH, 1.96 for oxidized SWCNH, and 1.89 for 
activated carbon at 0.72 MPa, respectively. The recovery ratio was 0.73 for SWCNH, 0.90 for 
oxidized SWCNH, 0.62 for activated carbon, respectively. 
 In conclusion, our experimental results indicate that SWCNH is not only an excellent adsorbent for 
storage CH4-CO2 mixtures, but also a prospective material for removal of CO2 from CH4-CO2 
mixtures. SWCNH is very promising to enhance the utilization of CH4-CO2 mixtures like biogas. As 
the same time, it should be pointed out that Langmuir isotherm analysis method could not illustrate 
the CH4-CO2 mixture adsorption. Engineering requires rapid methods to approximate and predict of 
the system. This is a topic to be addressed in our future work. 
 Recently, nanoporous materials have been applied for a lot of fields, such as electronic, 
material, and medical sciences and industries. Well designed materials for adsorption 
and separation will be able to contribute to promote the usage of clean energy; natural 
gas and biogas. The author hopes that these consecutive researches can somewhat 
contribute to the nanoporous material researches and developments. 
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